The effect of heat treatment in the range 633 K-933 K on the phase transformations among three types of phases, i.e. the CsCl (B2)-, rhombohedral (R)-and monoclinic (M)-phases in Ti-49.7, 50.2 and 50.6 at%Ni alloys have been investigated using the differential scanning calorimetry (DSC) method. It has been confirmed that the phase transformations that occur during heating and cooling can be perature range in which R-phase is stable becomes wider with increasing Ni content. The transformation temperature of R-phase was found to decrease with increasing heat treatment temperature. The starting point of the R-phase transformation in these alloys heat-treated at 633 K was estimated approximately at 330 K, which was almost independent of Ni content.
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Extensive studies have been made on the phase transformation in TiNi alloy(1)- (6) and TiNi (Fe) alloy (5)(7)-(9) which exhibit a shape memory effect (10) . It has been confirmed that three kinds of phases appear with different ambient temperatures; i.e. high temperature CsCl (B2) phase(1), low temperature monoclinic (M) phase (4) and intermediate rhombohedral (R) phase (1) . Therefore, three types of transformaeach phase depends on the composition of the alloys and aging treatments(5)(11) (12) , and furthermore on the heat treatment after hot-or cold-working (13) and thermal cycling (2)(14) (15 
Specimen preparation
Three kinds of TiNi alloys having compositions of 49.7, 50.2 and 50.6 at%Ni were used. After cold-drawn to wire 0.75mm in diameter, an extension type coil spring with mean diameter of 5.6 mm was cold-formed by a coiling machine. Then it was heat-treated at various temperatures between 633K and 933K for 3.6ks in air to memorize the original closecoiled shape and finally cooled in air. Oxidized films were removed by pickling using a solution of H2O:HNO3:HF=5:4:1.
DSC measurement
The DSC curves obtained can be classified into three types as shown in Fig. 1 , in which the definition of each transformation temperature is also illustrated. In the notation of transformation temperatures, subscripts "s" and "f" denote start and finish temperatures, respectively, and "'" mark denotes R-transformation temperature. It was noted that the finish temperatures of transformations were much more influenced by the scanning rate or weight of the specimen than the start temperatures(24) (25) . In this measurements, the scanning rate was 0.33K/s and the specimen was 20mg in weight. The three types of DSC curves are characterized as follows.
(1) Two peaks in both heating and cooling processes ( Fig. 1-(a) ) Peak C 1 on the high temperature side during peaks H1 and H2 was scarecely observed during heating. Peak H3 which corresponds to the complete cycle when the specimen heating starts at a temperature between C1 and C2.
Since the peaks H2 and H3 appears at the same be observed in the specimen heat-treated at relatively low temperatures.
(2) Two peaks in the cooling process and one peak in the heating process ( Fig. 1-(b) ) The Peaks C 1 and C2 during cooling corresspectively, the same as in the previous case.
The peak H3, which appears when heated from between C1 and C2, corresponds to the ture during heating in the incomplete cycle approaches C2, another peak H5 appears and becomes larger as the start temperature becomes lower, and finally grows into peak H4 transformation without R-phase. This type of curves can be observed in the specimen heattreated at an intermediate temperature. 
Measurements of electrical resistance and shape change
These measurements were carried out in a non-active solution (Fluorinert(R)) using a coil spring with five active turns under bias load of 10 gf (approximately 4 MPa shear stress in the outermost layer of wire), whose effect on the transformation temperatures was negligible (18).
Ti-49.7 and 50.2 at%Ni alloys
Since quite similar tendencies in the transformation behavior were observed in the 49.7 and 50.2 at%Ni alloys, only the results of the former are discussed in detail. Figure 2 shows the effect of heat treatment on the DSC curves in the Ti-49.7 at%Ni alloy. The results in the incomplete cycle, where only R-transformation occurs, are also shown.
(1) Cooling process ( Fig. 2-( 2. Ti-50.6 at%Ni alloy Figure 5 shows the effect of heat treatment on the DSC curves in Ti-50.6 at%Ni alloy. Change in peaks in the case of heat treatment at 773 K or below is similar to that in the other two compositions. The separation of peaks H1 and H2 becomes more definite in heat treatment below 713 K. However, the peaks exhibit a peculiar shift in the specimens heat-treated at The results are shown in Fig. 6 along with the DSC curves.
(1) Cooling process The whole tendency is summarized as tions, separated in heat treatment at 793 K or since the existence of three peaks during cooling has been observed after a number of thermal cycles (33) . In any case, since decrease in electrical resistance takes place at middle and low temperature peaks, M-transformation has a part in them. The peak of the electrical resistance coincides with the saddle point of the DSC curve, and this point was taken as Ms temperature. The M-transformation peak on the higher temperature side for 823 K becomes steeper in the specimen heat-treated at 833 K. The electrical resistance increased and then decreased corresponding to the broad and steep peaks, respectively. The shear strain also rapidly increased at the latter peak. These facts imply that the broad and steep peaks are more or less spectively.
Ms temperature is determined from the initial peak, and M‚" is taken to be at the saddle point of the DSC curve where the electrical resistance starts to decrease. For higher heat thought to occur where two peaks overlap, because two peaks appear during heating in the incomplete cycle as shown in Fig. 6(c) these phenomena. Heat treatment at higher temperature promotes this tendency. The transformation temperatures As, Af and Af for 813 K and 823 K are measured as the start point of the lower temperature peak, the transition point of the two peaks and the finish point of the higher temperature peak, respectively. The As and Af temperatures are determined from the main peak, and the As from the foot Table 1 , and also the effects of nickel content on the transformation behavior are summarized in Table 2 drastically decreases with increase in Ni content in the specimen heat-treated at 933 K, for which the matrix is considered to be almost free from the strain field due to cold-working or precipitates. On the other hand, Ms temperature for the 633 K heat treatment, at which heat treatment leaves a strong internal strain or stress field, depends less on Ni content and is approximately 330 K. Nishida and Honma (34) have reported that M-transformation temperature was significantly changed but R-transformation temperature was hardly changed by aging of nickel-rich alloys. It is also pointed out that the lower the heat treatment temperature, the higher the Ms temperature. It is noted from a practical view point that M, temperature cannot be greately controlled, while Ms temperature can be easily controlled by changing the Ni content.
Successive transformations in TiNi alloy
It can be now pointed out that, in addition to the composition of the alloys, heat treatment after cold-working is also an important factor which affects the transformation behavior. External stress would also become important in practical application. The effects of these factors on the cooling process are shown in Fig. 8 . Figure 8 Apart from the multiple M-phases, the region ST1, ST3 and ST2 can be also assigned in Fig. 8(a) and (b) . While the main processes of the transformation in TiNi alloys are figures that a complicated successive transformation occurs in ST3, where the R-and Mtransformations take place in nearly the same temperature range. Although Khachin et al. (16) have not taken the existence of (B2+R) region into account, this region appears between the Ms and Mf temperatures, since R-transformation, which yields needle domains in the matrix, is of the first order (9) . The present authors have found that both DSC peaks of the incomplete cycle in which heating starts from the overlapping temperature range of two peaks in the cooling process and that untransformed B2 phase can transform to Rphase after M-transformation (35) . This suggests that such heat treatment by which both R-and M-transformations takes place in the same temperature range is possible, as reported by Chin et al. (36) . As a result, each phase appears around ST3, as schematically shown in Fig. 9 . The (B2+R+M) region is realized in Ti-50.6 at%Ni alloy by the heat treatment between 813 K and 903 K in which the Ms temperature increases by the strain field due to precipitation and the Ms temperature also increases by the depletion of nickel in the matrix, so that transformation behavior becomes complicated.
The same tendency for co-existence occurs in the heating process of the specimen heattreated under limited conditions too.
The effects of heat treatment between 633 K and 933 K after cold-working on the transformation behavior of Ti-49.7, 50.2 and 50.6 at%Ni alloys were investigated systematically using mainly the DSC method and shear strain-and electrical resistance-temperature measurements supplimentally. Combined use of the complete and incomplete cycles made it possible to investigate the relative phase stabilities of R-phase and M-phase. The results are summarized as follows.
(1) Three kinds of transformations take place depending on the heat treatment temperatures.
(a) At low heat treatment temperatures;
ing heating. (2) The temperature range for the R-phase to exist becomes larger and more definite during heating with increase in nickel content. Dependence of the R-phase transformation temperatures on the heat treatment temperature is also promoted.
(3) Only the M-transformation takes place when heat-treated at 933 K, leaves almost no strain accompanying cold-working or precipitation, and the Ms temperature drastically drops with increase in nickel content. However, Ms temperature of the specimen heat-treated at 633 K which has a strong residual strain due to cold-working is almost independent of nickel content, and is approximately 330 K. (4) Precipitation occurs in Ti-50.6 at%Ni alloy heat-treated between 823 K and 873 K. This causes all the transformation temperatures to rise, and a complicated transformation behavior appears.
